Millimeter wave (mmWave) communications systems are promising candidate to support extremely high data rate services in future wireless networks. MmWave communications exhibit high penetration loss (blockage) and require directional transmissions to compensate for severe channel attenuations and for high noise powers. When blockage occurs, there are at least two simple prominent options: 1) switching to the conventional microwave frequencies (fallback option) and 2) using an alternative non-blocked path (relay option). However, currently it is not clear under which conditions and network parameters one option is better than the other. To investigate the performance of the two options, this paper proposes a novel blockage model that allows deriving maximum achievable throughput and delay performance of both options. A simple criterion to decide which option should be taken under which network condition is provided. By a comprehensive performance analysis, it is shown that the right option depends on the payload size, beam training overhead, and blockage probability. For a network with light traffic and low probability of blockage in the direct link, the fallback option is throughput-and delayoptimal. For a network with heavy traffic demands and semistatic topology (low beam-training overhead), the relay option is preferable.
I. INTRODUCTION
Growing demands for higher data rates in most of the existing wireless applications, are leading to 3 Gbps peak data rate for cellular networks (LTE-Advanced [1] ) and 6 Gbps for short range networks (IEEE 802.11ac [2] ). While these numbers are enough for many current applications, they are significantly smaller than the minimum requirements of future applications such as mobile backhauling/fronthauling and offloading (minimum 20 Gbps), 8K video transfer at smart homes (minimum 25 Gbps), and wireless backup links in data centers (minimum 40 Gbps) [3] . To alleviate the imminent spectrum scarcity and to meet the growing demands for extremely high data rate applications, millimeter wave (mmWave) communications appear as an essential future step of wireless communication. Current mmWave standards such as IEEE 802.11ad can support up to 6.7 Gbps and its extension, recently formed as IEEE 802.11ay, is envisioned to have more than 20 Gbps data rate [3] .
The channel attenuation in the mmWave bands is generally higher than that of the conventional microwave bands (below 6 GHz). Moreover, huge bandwidth of millimeter wave systems leads to orders of magnitude higher noise power accumulated at the receiver, which in turn can substantially reduce signal-tonoise ratio (SNR). However, small wavelength of the mmWave signals facilitates the integration of many antenna elements in the current size of radio chips, which promises a significant antenna gain both at the transmitter and at the receiver. These antenna gains can compensate both for the higher channel attenuation and for the higher noise power of mmWave systems, and provide the same (if not higher) SNR level as the traditional microwave networks. Having this SNR over huge bandwidth is the main result in supporting Gbps data rates with mmWave communications.
Despite the evident advantages mentioned above, deafness and blockage are two important problems in mmWave communications [4] . Deafness refers to a misalignment between the main antenna beams of a transmitter and receiver, prohibiting establishment of a high quality mmWave link. To avoid deafness, the transmitter and receiver should execute a time consuming beam-training procedure [5] . Blockage is high penetration loss of the mmWave signals, e.g., 20-35 dB due to the human body and 20-30 dB due to the furniture in the environment [4] . These extreme attenuations cannot be efficiently compensated by increasing the transmission power. Upon appearance of an obstacle in the direct link between a transmitter and a receiver, there are two promising options to alleviate the blockage: relaying [6] and fallback [5] . In the relaying technique, the source node bypasses the obstacles and communicates with the destination using an intermediate node, called relay. Therefore, the communication can be continued at the mmWave frequency. However, the source-relay and relaydestination pairs should undergo a beam-training procedure to avoid possible deafness. The other solution, called fallback, is to switch to the microwave bands (e.g., 2.4 GHz) during blockage and return to the mmWave bands once the obstacles disappears. In this case, there is no additional beam-training overhead at the expense of temporary performance loss due to substantially smaller bandwidth of the microwave channel. To efficiently address blockage, the main question is whether a mmWave transmitter-receiver pair should establish a new path using a relay node, which may cost extra beam-training overhead, or it should go for the fallback option, which may cost some temporary performance degradation.
To develop a proper decision criteria, we first need a blockage model that can capture the following four properties: (i) randomness in the appearance and disappearance of the obstacles in one communication link, (ii) having one obstacle on multiple angularly close communication links (angular correlation), (iii) having multiple obstacles in a communication link, and (iv) time correlation of the blockage events. Using experimental mmWave channel measurements, [7] proposes a statistical blockage model that addresses (i). In [8] , a new blockage model for a general mmWave network is proposed that addresses properties (i) and (ii). Although all these models have been used for network throughput analysis, they lack of a thorough throughput and delay analysis for a mmWave network with dynamic environment. For instance, there is no distinction between having only one obstacle and having multiple obstacles in a link in [7] , [8] , (property (iii)). Moreover, an accurate delay analysis requires capturing the time correlation of blockage events in the blockage model, (property (iv)). These drawbacks of existing literature are an obstacle for comparing different options in handling blockage.
In this paper, we investigate efficient solutions to address blockage. We first propose a new mathematical model for blockage. In particular, we model the wireless channel by a queue system, the appearance of an obstacle as a new message arrival, the disappearance of an obstacle by a message departure and therefore the blockage duration by the busy period of the server. Note that messages do not refer to real messages, but only to events of blockage occurrence: the term is misused to be consistent with the queuing network theory for communications. Using this model, we derive closed-form expressions, for the achievable throughput of both relay and fallback options with unbounded delay constraint (equivalently, achievable throughput for infinitely large messages). We then develop a simple decision criteria to pick the best (throughput-optimal) option. We show that it depends on the beam-training overhead, blockage duration and operating beamwidth. We then focus on finding the achievable throughput with finite delay requirements and highlight the existence of delay-throughput tradeoff, which may prohibit using the relay/fallback option for certain scenarios. Depending on the throughput and delay requirements, we characterize the conditions under which we can choose the relay option, the fallback option, or both. We numerically illustrate the proposed decision criteria for fixed throughput demands, showing which options fulfill the requirements with less delay.
The paper is organized as follows. In Sections II, we introduce general assumptions and our novel blockage model. Section III characterizes the throughput and delay performance, and thereby the best option to address blockage. Simulations results are presented in Section IV, and the paper is concluded in Section V.
II. SYSTEM MODEL A. General Assumptions
We consider a source node, a destination node, and a half-duplex relay, shown in Fig. 1 . The communication link between the source and destination nodes can be established either by direct path, with millimeter and microwave frequency bands, or by the relay node in mmWave frequency bands. The best option to establish the communication link depends on the channel model, antenna gains, beam-training overhead of mmWave communications, payload size of the transmitted messages, and the quality-of-service requirements (in terms of throughput and delay).
The complete scenario would include several combination options: using microwave frequency bands also for the relay or using amplify and forward and decode and forward relaying schemes. Since this is the first study to analyze the issue, we are restricting ourselves to the simplest cases that are still of general and practical interest. Without loss of generality, we consider a simple deterministic channel model that includes a constant attenuation at reference distance 1 meter and a distance dependent attenuation. Besides these attenuation sources, we consider a constant penetration loss l p due to any obstacle in the path. Note that we neglect the reflection for sake of simplicity, though we recently show that this assumption introduces a negligible error into the resulting interference model [9] . Let d ij be the distance between transmitter i and receiver j (transmitter can be either the source node or the relay node and the receiver can be either the relay node or the destination node), c be the average attenuation at reference distance 1 meter, n j be the number of obstacles in this link, l o be the penetration loss due to any obstacle in dB, α be the attenuation factor due to atmospheric absorption. Then, the channel gain between transmitter i and receiver j is
where subscript x is a label denoting microwave (µ) or mmWave (m) band. Now, we present some values for the parameters of (1) in mmWave and in microwave. We have α µ =0.005 dB/Km at 2.4 GHz and α m =16 dB/Km at 60 GHz [10] ; about c x we have 68 dB at 60 GHz and 46.7 dB at 2.4 GHz [11] . We assume that the obstacles are impenetrable at the mmWave frequencies (l p → ∞). This means that, upon appearance of an obstacle on P1 in Fig. 1 , source and destination nodes can reconfigure their antennas to use the relay node to pursue their mmWave communications or temporarily switch to the microwave communications. We assume that all nodes can instantly and perfectly detect appearance and disappearance of the obstacles on their active paths, e.g., by using the fast and robust obstacle detection algorithm proposed in [12] . For instance, the source and destination nodes detect appearance and disappearance of obstacles if P1 is active. Therefore, they can instantly react to any change in the underlying obstacle process. With this assumption, we can
mathematically find the achievable throughput for unbounded and bounded delay cases. For the beamforming model, we assume that all the nodes operate with the same beamwidth θ. Without loss of generality, we consider an ideal sector antenna pattern with constant antenna gain ε << 1 inside the side lobe and another constant gain 2π/θ − ε(2π − θ)/θ inside the main lobe [13] . Although the antenna gain in the main lobe substantially boosts the link budget, the transmitter and receiver should undergo a time consuming beam-training procedure to establish a sufficiently good mmWave link. In current mmWave standards, the transmitter and receiver start with finding the best sector-level beams (course solution) with a sequence of pilot transmissions, followed by finding the optimal beamlevel beams (fine solution) within the selected sector. Clearly, achieving higher antenna gains requires adopting narrower beams, which in turn increases the beam-training overhead. As shown in [14] , sector-level beam-training overhead can be well alleviated by tracking over time. Let φ and θ be sectorlevel and beam-level beamwidths at the transmitter and at the receiver sides, respectively. Neglecting sector-level alignment overhead, and denoting the time required for a single pilot transmission by T p , the beam-training overhead is [13] 
where · is the ceiling function, returning the smallest following an integer. Motivated by the high directionality of mmWave systems, we assume that the destination node is able to receive signal either from P1 or P2, not both. This is different from the conventional microwave networks, where the superposition of signals received from both paths is used for the decoding.
B. Blockage Model
To develop a systematic blockage model that meets all four properties of a proper blockage model, mentioned in Section I, we borrow some concepts from queuing theory [15] .
In particular, we model blockage of any link by a queue system, hereafter called blockage queue, wherein a new message arrival means the appearance of a new obstacle in the link and a new message departure means the disappearance of an obstacle. Let x(t) denote the number of obstacles in the blockage queue at time t. If x(t) = 0, we say this link is in the line-of-sight (LoS) condition, if x(t) = 0 it is in the non-LoS condition. Consider a reference time. We define i-th virtual time slot, denoted by T i , as the time interval between the beginning of i-th and (i+1)-th non-LoS conditions, namely T i = t i+1 − t i such that x ti− = 0 for infinitesimal > 0 but x ti > 0, and that x ti+1− = 0 but x ti+1 > 0. We define X i as i-th non-LoS period during which x(t) > 0, and similarly define Y i as i-th LoS period during which x(t) = 0. In other words, X i and Y i respectively show i-th non-LoS and LoS periods, and T i = X i + Y i . These periods are illustrated in Fig. 2 . Depending on the arrival and departure processes of the obstacles (their numbers, sizes, and mobilities), X i and Y i are random variables, whose distributions depend on the busy period (non-LoS) and idle period (LoS) of the blockage queue system. We assume that X i and Y i individually are i.i.d. random variables, thus with a slight abuse of notation we remove the index i for the rest of the paper. The random variables X and Y give the random variable T = X + Y .
We consider the special class of Poisson arrival and Poisson departure of the obstacles; however, the analysis can be easily extended to any other arrival and departure distributions. Let λ and ν be the arrival and departure rates. We note that every arrived obstacle should experience immediate service and should neither wait nor depend on other obstacles currently being served in the blockage queue system. Therefore, we consider an M |M |∞ blockage queue system. To evaluate X and Y , we use the notion of congestion period of M |M |∞ systems. A c-congestion period is the interval starting when an arriving customer (obstacle in our scenario) finds c customers in the system, until a departing customer leaves c customers behind. Clearly, X corresponds to 0-congestion period. Thus [15, Equation (3.1)],
where E is the expectation operation. Furthermore, for Poisson obstacle arrivals,
We assume that there is no obstacle on the relay path for mathematical tractability, though the analysis of this paper can be readily extended for the general case of having blockage on all mmWave links. For the rest of the paper, i-th virtual time slot is defined based on arrival and departure of the obstacles on the direct link between the source and destination nodes. In the following section, we use this blockage model to analyze the throughput and delay of our mmWave network.
III. RELAY OR FALLBACK

A. Throughput Analysis for Long Packets Scenario
To analyze the achievable throughput of both relaying and fallback options, we define the following transmission rates. We denote by C dµX the achievable transmission rate at the direct path P1 at microwave band during X, by C dmX the achievable transmission rate at the mmWave band during X, and by C rm the achievable transmission rate at the relay path P2 at the mmWave band during T = X + Y . In the fallback option, the source transmits with rate C dµX during X and with rate C dmY during Y . This procedure will be repeated in all virtual time slots. It follows that the throughput of the fallback option at i-th virtual time slot is
where E[X] and E[Y ] are given in (3) and (4), respectively. To derive C dµX and C dµY , we denote by SNR dµ and SNR dm the signal-to-noise ratio (SNR) of the direct path at the microwave and mmWave bands, and by W µ and W m the bandwidth of the microwave and mmWave bands, respectively. Then, the maximum achievable rates for sufficiently large packets (capacity of the channel) are equal to C dµX = W µ log 2 (1 + SNR dµ ) bits per second during X and C dmY = W m log 2 (1 + SNR dm ) bits per second during Y . Let n be the power of white Gaussian noise and p be the transmission power of the transmitter. Then, assuming omnidirectional transmission in microwave (to be robust to blockage) and directional transmission in mmWave, we have SNR dµ = pg µ j,k /n and
where j and k show the source and destination nodes, and g µ j,k and g m j,k are given by (1) . Now, we formulate C rm . In the relay option, the source-relay-destination path will be firstly established at the mmWave band, which takes T a . Then, the source node transmits at rate C rm toward the relay node for half of the remaining T −T a and the remaining time is used for the relay-destination link. To evaluate the data rate between the source and destination nodes in a multihop communication system, achievable rates of each hop [in bps] should be multiplied by the corresponding available transmission time. Then, the number of transmitted bits between source and destination is the minimum of the throughput of all hops. Dividing this number of bits by the total slot duration gives the overall rate [in bps]. In our case, since both hops have the same transmission time, we have C rm = W m × min log 2 (1 + SNR jk ) , log 2 (1 + SNR kl ) , (7) where SNR jk is the SNR of source-relay link, and SNR kl is the SNR of the relay-destination link. These SNR values can be found by substituting the corresponding link length into (6) . Finally, we can find the throughput of the relay option in i-th virtual time slot, given no obstacle on the relay path, is
This equation implies that the beam-training time should not exceed the total duration of a virtual time slot, otherwise the throughput of that slot would be 0. Then,
where f XY (x, y) is joint distribution of the obstacle arrival and departure processes. In general, f XY (x, y) is unknown for an M |M |∞ system, prohibiting mathematical calculation of (9) . Nonetheless, we note that random variables X and Y model the presence duration of the obstacles, so their typical values would be, at least, a few seconds. However, T a is the alignment overhead, which ranges around few hundreds of micro seconds. This is orders of magnitude smaller than X and Y . Therefore, we take the following assumptions, which greatly simplify the analysis with negligible accuracy loss. We comment on the accuracy of this assumption in Section IV. Assumption 1: We assume that X + Y > T a . With Assumption 1 and from (8), we have
Later in Section IV, we validate Assumption 1 by observing orders of magnitude difference between min(T ) and T a , even for extremely narrow beams (e.g., θ = 1 • ), which corresponds to the very high T a .
B. Throughput Optimal Criteria to Address Blockage
The throughput-optimal decision rule adopts the option that offers higher average throughput, namely
which, by substituting (5) and (10), leads to the following throughput-optimal decision rule:
where T a , E[X], and E[Y ] are given in (2)-(4).
So far, we analyzed an optimal decision rule for a simplistic system with sufficiently large packets (which allowed to use the Shannon capacity equation) and with infinitely large backlogged packets. In the following, we consider a more realistic wireless system with short packets, which is usually the case in machine-type communications, and random packet arrival with an exponential distribution.
C. Throughput and Delay Analysis for Short Packets Scenario
As shown in [16] , with short packets we may not be able to achieve the Shannon capacity, which affects the transmission rates in both options. Let P b be the packet error probability and L be the packet size. Then, the achievable rate instead of being W log 2 (1 + SNR), with corresponding bandwidth and SNR, would be [16]
where V = SNR 2 SNR + 2
We apply this modification to derive the right C rm , C dµX , and C dµY in the short packet scenario.
To capture the tradeoff between throughput and delay, and without loss of generality, we model a transmitter-receiver pair by an M |D|1 queue systems. 1 Specifically, the bits generated and transmitted by the source follow the Poisson distribution with rate G. The source has an infinite buffer-length, so all the bits are eventually served. The constant service times D fallback for the fallback option and D relay for the relay option are [15] ,
Then, the average delay by two options are given by
where x is a label denoting either the fallback or the relay option, ρ x = G x /S x is the utilization, G x is the bit arrival rate, and S x = 1/D x is the average bit departure rate. As long as the queue system remains stable, namely ρ x < 1, the system can serve all the incoming data served with delay τ x . Therefore, the throughput of such stable system is G x . Once the system becomes unstable, e.g., due to very high arrival rate, the throughput is bounded by S x , while the delay grows large.
D. Throughput-delay Optimal Criteria to Address Blockage
Considering the throughput and corresponding delay, formulated in (12)-(16), we can find the optimal option to address blockage. For a given delay requirements, the option that provides higher throughput is preferable. Alternatively, for a given throughput requirements, the option with lower delay is preferable. We numerically show the optimal decision rule in the next section.
IV. NUMERICAL RESULTS
To numerically illustrate the optimal option to alleviate blockage, we simulate a short range indoor wireless network, composed of three nodes working at 60 GHz. We consider 2.5 mW maximum transmission power, 90 • sectorlevel beams, and ε = 0.05 antenna side lobe gain. The sourcedestination distance is 10 m and the relay node is located 10 m from both the source and destination nodes. We assume W µ = 20 MHz and W m = 2.16 GHz, so the noise powers are -101 dBm for the microwave channel and -80.7 dBm for the mmWave channel. We consider T p = 20 µs single pilot transmission time [17] . We define the normalized blockage time as the time interval over which the direct channel is in the non-LoS condition, namely E[X/T ]. We assume λ = 0.5 obstacles/s arrival rate and sweep and the departure rate from 0.5 to 1 obstacles/s. This leads to variations of E[X], and consequently variations of the average blockage time. With the relay option, the source-destination connection is active at the mmWave band for less than half of the time slot; whereas with the fallback option, it is active at the microwave band during X and at the mmWave band during Y . The curves obtained by (9) and by (10) are essentially identical because T a is orders of magnitude smaller than T , thus we only report the curves obtained by (10) . The exact values of T a and min(T ) are reported for each figure.
Assuming long packets and full buffers, Fig. 3 shows the average throughput per inter-LoS interval T against the normalized blockage time. With long packets and narrow beamforming, the mmWave transmission rate C dmY is much higher than that of the microwave C dµX . Therefore, throughput in the LoS period Y dominates the throughput of the fallback option. As changing the average blockage time does not affect E[Y ], see (4), the throughput of the fallback option is almost independent of the average blockage time. Higher X, however, increases T and therefore increases the throughput of the relay option, see (9) and (10) . With operating beamwidth θ = 20 • , the alignment overhead is almost negligible compared to T . Therefore, the relay option can transmit at the mmWave band for T /2. Now, if the average blockage in the direct path is below 50%, it is beneficial to use the fallback option; otherwise, the relay option is throughput-optimal. With narrower beamwidths, e.g., θ = 1 • , the alignment overhead reduces the transmission time of the relay option. Consequently, the fallback option remains throughput-optimal for higher average blockage time values, as shown in Fig. 3 . Moreover, notice that narrower beamwidth provides higher antenna gains, leading to higher average throughput for both options. Finally, Assumption 1 holds due to significant difference between min(T ) and T a for all beamwidths.
Assuming the short packets scenario, Fig. 4 illustrates the delay-throughput tradeoff for θ = 20 • and 55% average blockage time. With E[T ] = 5.6 s, the fallback option outperforms the relay option until 2250 Mbps data rate. Soon after this point, the fallback option cannot stably support the incoming traffic, leading to an exponential delay penalty. With shorter inter-LoS intervals, frequent executions of the alignment procedure makes the relay option less attractive. In the case of E[T ] = 56 ms, the relay option becomes unstably serve the input traffic above 1.3 Gbps; whereas the falls back option supports until 2.8 Gbps data rate with bounded delay. Notice that this rate cannot be supported (with any delay) by the relay option in this example. In general, for light traffic, the fallback option is generally delay-optimal; whereas for heavy traffic applications the relay option may be delay-optimal if it does not require frequent re-alignments. Fig. 5 shows the decision region over which the fallback or relay option provides lower delay for 2 Gbps data rate. Note that either the fallback or relay option may not support this rate for some combinations of the blockage time and operating beamwidth, as illustrated in Fig. 4 . For narrow beams, the relay option is preferable only if the the direct link is blocked most of the time. For instance, with θ = 1 • , the average blockage should be above 80% of the entire transmission time to choose the relay option. Wider operating beamwidths alleviate the alignment overhead, and therefore the relay option may be preferred for lower blockage time.
V. CONCLUSION
To support Gbps data rate without service disruption, millimeter wave (mmWave) systems must address blockage (high penetration loss). To this end, we first proposed a novel blockage model, based on which we investigated throughput and delay performance of two promising solution approaches: i) switching to the conventional microwave frequencies during the non-line-of-sight period (fallback) and ii) using an alternative non-blocked path (relay). We illustrated simple decision criteria to find the throughput-and delay-optimal approach to address blockage under various traffic patterns, beam-training overheads, and blockage probabilities. For high mobility scenarios with frequent re-executions of the beamtraining procedure, the fallback option is throughput-and delay-optimal. This option is also preferred under light traffic conditions and low probability of blockage in the direct link. The relay option is better once the direct link is subject to high blockage probability or the incoming traffic is so heavy that the transmitter should not switch to the low capacity microwave link. The results of this paper provide useful insights for the standardization of future mmWave systems.
For future work, we aim to investigate the throughput and delay performance of mitigating blockage by first-order reflection [6] , and extend the derived decision rules.
